Isotope ratios have opened a new window into the study of the details of stellar evolution, supernovae, and galactic chemical evolution. We present the evolution of the isotope ratios of elemental abundances (from C to Zn) in the solar neighbourhood, bulge, halo, and thick disk, using chemical evolution models with updated yields of Asymptotic Giant Branch (AGB) stars and core-collapse supernovae. The evolutionary history of each element is different owing to the effects of the initial progenitor mass and metallicity on element production. In the bulge and thick disk the star formation timescale is shorter than in the solar neighbourhood, leading to higher [α/Fe] ratios. Likewise, the smaller contribution from Type Ia supernovae in these regions leads to lower [Mn/Fe] ratios. Also in the bulge, the abundances of [(Na, Al, P, Cl, K, Sc, Cu, Zn)/Fe] are higher because of the effect of metallicity on element production from core-collapse supernovae. According to our predictions, it is possible to find metalrich stars ([Fe/H] > ∼ − 1) that formed in the early Universe as a result of rapid star formation. The chemical enrichment timescale of the halo is longer than in the solar neighbourhood, and consequently the ratios of [(C, F)/Fe] and 12 C/ 13 C are higher owing to a significant contribution from low-mass AGB stars. While the [α/Fe] and [Mn/Fe] ratios are the same as in the solar neighbourhood, the [(Na, Al, P, Cl, K, Sc, Cu, Zn)/Fe] ratios are predicted to be lower. Furthermore, we predict that isotope ratios such as 24 Mg/ 25,26 Mg are larger because of the contribution from low-metallicity supernovae. Using isotopic ratios it is possible to select stars that formed in a system with a low chemical enrichment efficiency such as the satellite galaxies that were accreted onto our own Milky Way Galaxy.
INTRODUCTION
Elemental and isotopic abundances are the fossils of galactic archaeology. Different elements are produced from stars on different timescales, therefore elemental and isotopic abundance ratios provide independent information on the "age" of a system and can be used as a form of "cosmic clock". The formation and evolutionary history of galaxies can be constrained in theoretical models by using the information contained in the elemental abundances observed in stars (e.g., Tinsley 1980; Pagel 1997; Matteucci 2001) . The space astrometry missions (e.g., GAIA) and large-scale surveys (e.g., the high-resolution multi-object spectrograph HER-MES on the Anglo-Australian Telescope) will produce unprecedented information on the chemodynamical structure of the Milky Way Galaxy. Theoretically Kobayashi et al.
⋆ E-mail: chiaki@mso.anu.edu.au (2006, hereafter K06) succeeded in reproducing the average evolution of major elements (except for Ti) in the solar neighbourhood (see also the recent study by Romano et al. 2010) , and Kobayashi & Nakasato (2010, hereafter KN11) predicted the frequency distribution of elements in the Milky Way Galaxy depending on the location.
Isotope ratios of elemental abundances can provide more constraints not only on galaxy formation and evolution, but also on the detailed physics of Asymptotic Giant Branch (AGB) stars and supernovae. The isotopic ratios of C, N, O, and Si have been measured in ancient meteorites and provide information on conditions in the proto-solar nebula (e.g., Anders & Zinner 1993) , as well as the composition of stellar winds from pre-solar grains (e.g., Zinner 1998) . Attempts have been made to use meteoritic data to trace the chemical enrichment history of the Milky Way, although this has been done only for a limited number of elements including O, Mg (Nittler et al. 2008; Nittler 2009 ), and Si (Lugaro 1999; Zinner et al. 2006 ). The de-termination of isotopic ratios from stellar spectra requires very high quality data, and isotopic determinations are only available for a small number of elements including Li, C (e.g., Spite et al. 2006) , O (Smith & Lambert 1990) , Mg (Yong, Lambert, & Ivans 2003; Meléndez & Cohen 2007) , Ti (Hughes et al. 2008) , Ba (Gallagher et al. 2010) , and Eu (Sneden et al. 2002) . It should be noted however that from that list only the carbon isotope ratio is relatively easy to obtain. For this reason there is data for the carbon isotope ratio for stars in many different evolutionary states, metallicities, and locations (including in external galaxies such as the Large and Small Magellanic Cloud). For this reason, the 13 C/ 12 C ratio is used to study the internal mixing and evolution of the observed stars since this ratio changes with time. These changes are predicted for low and intermediate-mass stars as well as for massive stars that evolve through the Wolf-Rayet phase. With the next generation of telescopes, the study of isotopes will expand beyond the Milky Way and neighbouring Magellanic Clouds toward the brightest stars in the outer halo or in neighbouring dwarf spheroidal galaxies. This will allow us to gain deeper insights into the galactic archaeology beyond our own local neighbourhood.
However, there are only a small number of theoretical predictions of the evolution of the isotopes including the studies by Timmes, Woosley, & Weaver (1995) , Romano & Matteucci (2003) , Fenner et al. (2003) , Chiappini et al. (2006) , and Hughes et al. (2008) . In this paper we present predictions for the time evolution of isotope ratios of elemental abundances (from C to Zn) in the Milky Way Galaxy. We do this by using the most up-to-date nucleosynthesis yields of core-collapse supernovae and AGB stars that are available. In §2, we describe our chemical evolution models, and present new and updated supernovae yields. These new yields are then compared to the AGB yields from Karakas (2010) . In §3, we show the time/metallicity evolution of elemental abundances and isotope ratios for the solar neighbourhood, bulge, halo, and thick disk. We focus on the average evolution of abundances in the Galaxy and assume that the abundances of the carbon-enhanced metalpoor stars (CEMP, Beers & Christlieb 2005) are explained with other effects such as inhomogeneous enrichment, faint supernovae, and binary effects. We end with conclusions in §4.
THE MODEL

Chemical Enrichment Sources
We include the latest chemical enrichment input into our chemical evolution models as follows. The basic equations of galactic chemical evolution are described in Kobayashi, Tsujimoto & Nomoto (2000, hereafter K00) and K06, where the instantaneous recycling approximation is not applied, i.e., the contributions from stars of all mass ranges are computed as a function of the initial masses and metallicities of stars. Stellar winds -The envelope mass and pre-existing heavy elements are returned by stellar winds from all dying stars. From stars with initial masses of M < ∼ 1M⊙, it is assumed that no new metals are ejected, and that only the material outside the He core is returned to the interstellar medium (ISM), which contains elements with the abundance pattern of the Galaxy at the time when the stars formed. The He core mass is set as Mremnant = 0.459 and 0.473M⊙ for 0.7 and 0.9M⊙, respectively.
Asymptotic Giant Branch (AGB) stars -Stars with initial masses between about 0.8 − 8M⊙ (depending on metallicity) pass through the thermally-pulsing AGB phase. The He-burning shell is thermally unstable and can drive mixing between the nuclearly processed core and envelope. This mixing is known as the third dredge-up (TDU), and is responsible for enriching the surface in 12 C and other products of He-burning, as well as elements heavier than Fe produced by the slow neutron capture process Herwig 2005) . Importantly, the TDU can result in the formation of a C-rich envelope, where the C/O ratio in the surface layers exceeds unity. In AGB stars with initial masses > ∼ 4M⊙, the base of the convective envelope becomes hot enough to sustain proton-capture nucleosynthesis (hot bottom burning, HBB). HBB can change the surface composition because the entire envelope is exposed to the hot burning region a few thousand times per interpulse period. The CNO cycles operate to convert the freshly synthesized 12 C into primary 14 N, and the NeNa and MgAl chains may also operate to produce 23 Na and Al. AGB stars with HBB have short lifetimes (τ < ∼ 100 Myr) and are one of the stellar sites proposed as the polluters of globular clusters (e.g., Cottrell & Da Costa 1981; Renzini 2008) , even if quantitative problems with the models exist (e.g., Fenner et al. 2004) . Overall a large fraction of light elements such as C, N and F are produced by AGB stars, while the contribution toward heavier elements (from Na to Fe) is negligible, except perhaps for specific isotopes (e.g., 22 Ne, 25,26 Mg), in the context of galactic chemical evolution. AGB stars are also an important source of elements heavier than Fe (Travaglio et al. 2001 (Travaglio et al. , 2004 .
The nucleosynthesis yields of Karakas (2010) were calculated from detailed stellar models, where the structure was computed first and the nucleosynthesis calculated afterward using a post-processing algorithm. Yields are included for 77 nuclei including all stable isotopes from H to 34 S, and for a small group of Fe-peak nuclei. The details of this procedure and the codes used to compute the models have been previously described in some detail, see for example Karakas et al. (2009) and references therein. All models were evolved from the zero-age main sequence to near the tip of the thermally pulsing AGB. The TDU efficiency governs the nucleosynthesis in the lower mass models; this was found to vary as a function of H-exhausted core mass, metallicity, and envelope mass (see Karakas et al. 2002, for details) . For example, in the Z = 0.02 models, no TDU was found for M 2M⊙. For the intermediate-mass models, the TDU was found to be efficient and the occurrence of HBB also played a strong role in determining the final yields. The occurrence of HBB also strongly depends on the initial mass and metallicity, with HBB occurring in lower mass stars with a decrease in metallicity (at 3M⊙ at Z = 10 −4 whereas it only starts at ∼ 5M⊙ at Z = 0.02). Furthermore, HBB is eventually shut off by the action of mass loss.
The main uncertainties affecting the nucleosynthesis yields of AGB stars involve convection and mass loss. The models employ the mixing-length theory of convection with α = 1.75. On the first giant branch, Reimer's mass loss is adopted with ηR = 0.4. On the AGB, Vassiliadis & Wood (1993) mass loss is used for most models, with the exception of the intermediate-mass 3 to 6M⊙ with Z = 10 −4 models, where we adopt Reimer's mass loss (see Karakas 2010, for details) .
The main difference between the Karakas & Lattanzio (2007) and Karakas (2010) yields is the choice of reaction rates used in the post-processing algorithm. Karakas (2010) used an updated set of proton and α-capture rates that include some of the latest experimental results for important reactions involved in the CNO cycle, NeNa and MgAl chains. Furthermore, Karakas (2010) assumed scaled-solar initial abundances for the Z = 0.008 and Z = 0.004 models. In contrast, Karakas & Lattanzio (2007) adopted initial abundances for the Large and Small Magellanic Clouds from Russell & Dopita (1992) We take the AGB yields for M = 1.0, 1.25, 1.5, 1.75, 1.9, ∼ 2 1 , 2. 25, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6 .0, and 6.5M⊙ 2 and Z = 0.0001, 0.004, 0.008, and 0.02 from Karakas (2010) . We use the yields for Z = 0.02 at Z 0.02. The yields of the radioactive isotopes 26 Al and 60 Fe are added to 26 Mg and 60 Ni yields, respectively. The masses of white dwarfs, Mremnant, are also taken from Karakas (2010) , and the material outside the white dwarfs (M initial −Mremnant) is returned to the ISM via stellar winds, which contains the newly produced metals (processed metals) and the initial metals that existed in the progenitor stars (unprocessed metals).
The AGB yields (mi) are defined as the difference between the amount of the species in the wind and the initial amount in the progenitor star. Therefore, the yields of some isotopes (e.g., 15 N) are negative because they are destroyed during stellar evolution. However, in chemical evolution models, it is possible that the abundances of such elements at time t is lower than the adopted initial abundances, which causes numerical problems. This is often the case for 15 N, and we set the 15 N yield to be 0 if it is negative. In chemical evolution models, we define the mass of ejecta as the summation of processed metals Mejecta ≡ 62 Ni i= 2 H mi. The rest (M initial −Mremnant −Mejecta) contains unprocessed metals, of which the abundance pattern is not scaled with the solar abundance, but is the abundance pattern of the galaxy at the time when the stars formed.
For Z = 0, theoretical models of stars undergo violent evolutionary episodes not seen at higher metallicities. The ingestion of hydrogen leads to an H flash, followed by a "normal" He-shell burning phase. We take the yields and remnant masses from for M = 0.85, 1.0, 2.0, and 3.0M⊙. For Na, we assume that the yield is reduced by a factor of 10 because the old reaction 1 2.1M ⊙ model is provided for Z = 0.004 and 0.008. 2 6.5M ⊙ model is available only for Z = 0.02.
rates were adopted in the calculations. At M > 3M⊙, no metals are produced. This assumption may not be valid but does not affect the average chemical evolution of galaxies.
Super AGB stars -The fate of stars with initial masses between about 8 − 10M⊙ is uncertain. The upper limit of AGB stars, Mu,1, is defined as the minimum mass for carbon ignition, and is estimated to be larger at high metallicity and also at low metallicity than at Z ∼ 10 −4 (Gil-Pons et al. 2007; Siess 2007) . At M > Mu,1, stars may produce some heavy elements and may explode as socalled Type 1.5 supernovae, although no such supernovae has yet been observed (K06). Above this mass range, stars may explode as electron-capture supernovae (Nomoto 1984; Kitaura, Janka, & Hillebrandt 2006) , but the metal production (lighter than Fe) is predicted to be very small. In our models, we set Mu,1 = 4, 6.5, 6.5, 6.5, and 7M⊙ for Z = 0, 0.0001, 0.004, 0.008, and 0.02, respectively, and assume that no metals are produced from Mu,1 3 to 10M⊙. The remnant mass Mremnant is set as 1.01, 1.12, and 1.15M⊙ for 7, 8, and 10M⊙, respectively.
Core-collapse supernovae -Although a few groups have presented feasible calculations of exploding 10 − 25M⊙ stars (Marek & Janka 2009; Bruenn et al. 2009 ), the explosion mechanism of core-collapse supernovae (Type II, Ib, and Ic Supernovae) is still uncertain. However, the ejected explosion energy and 56 Ni mass (which decays to 56 Fe) can be directly estimated from the observations, i.e., from the light curve and spectral fitting of individual supernova. As a result, it is found that many core-collapse supernovae (M 20M⊙) have an explosion energy that is more than 10 times that of a regular supernova (E51 > ∼ 10, Nomoto et al. 2006) , as well as producing more iron and α elements (O, Mg, Si, S, Ca, and Ti). These are called as hypernovae (HNe). The fraction of HNe is uncertain and we set ǫHN = 0.5 at M 20M⊙. Kobayashi et al. (2006) presented the nucleosynthesis yields of SNe II and HNe as a function of the progenitor mass (M = 13, 15, 18, 20, 25, 30, and 40M⊙) and metallicity (Z = 0, 0.001, 0.004, and 0.02). In terms of isotope ratios, three models, [M = 18M⊙, Z = 0.004] and [M = 25M⊙, Z = 0.02] for SNe II and HNe, showed a relatively large production of 13 C and N. This was caused by the convective mixing of hydrogen into the He-burning layer. The cause of this mixing is uncertain and it does not always manifest itself in the stellar models. For this reason, we re-calculated the progenitor star models and explosive nucleosynthesis. The results of these new calculations without such mixing are presented in Table 2 and shown in Figs. 1-10 . While the updated yields of 13 C and N are reduced compared to the results of K06, the yields of other major isotopes are not significantly different.
As in K06, the yield tables provide the amount of processed metals (mi) in the ejecta (in M⊙). The mass of the ejecta is given as Mejecta ≡ 74 Ge
Stellar winds reduce the stellar mass to M final at the onset of the supernova explosion, with the central mass Mcut falling onto the remnant. The stellar winds with the mass of M initial − M final contains unprocessed metals, which are not included in the tables but are included in the chemical evo-lution models. The contribution from the stellar winds are added (Eq.8 in K00) to the supernova ejecta (Eq.9 in K00). The abundance pattern of the stellar winds is not scaled with the solar abundance but is the abundance pattern of the galaxy at the time when the stars formed. Note that newly synthesized 4 He in the winds is not included and thus we will leave the evolution of helium to a future study.
The upper limit of core-collapse supernovae, Mu,2, is not well known owing to uncertainties in the physics of blackhole formation. We set Mu,2 = 50M⊙, which is constrained from the [α/Fe] plateau at [Fe/H] < ∼ − 1 (K06). Because the envelope mass that contains α elements is larger for massive stars, a larger Mu,2 results in higher [α/Fe] ratios. For M > Mu,2, we assume that no metals are produced because the central part of the progenitor is likely to collapse to form a blackhole.
Rotating massive stars -The rotation of stars induces the mixing of C into the H-burning shell, which produces a large amount of primary nitrogen (Meynet & Maeder 2002; Hirschi 2007) . Rotation also affects the CO core mass, and a few groups are calculating the stellar evolution of rotating stars from the main sequence through to the final explosive supernova stage, although the yields are not yet available. The rotational velocity of these stars is typically a free parameter. To show the effect of rotation, in one of our models we include the yields of ∼ 300M⊙ encounter the electron-positron pair instability and do not reach the temperature of iron photodisintegration. Pair-instability supernovae (PISNe) are predicted to produce a large amount of metals such as S and Fe. This contribution is not included in our chemical evolution models because the number of such stars are expected to be very small and because no signature of PISNe has been detected in metal-poor stars (Umeda & Nomoto 2002 . Recently, Kobayashi, Tominaga, & Nomoto (2010) showed that the observed elemental abundance pattern of very metal-poor Damped Lyman α systems is inconsistent with the yields of PISNe, and is instead consistent with the yields of faint core-collapse supernovae.
Type Ia Supernovae (SNe Ia) -The progenitors of the majority of SNe Ia are most likely Chandrasekhar (Ch) mass white dwarfs (WDs). For the evolution of accreting C+O WDs toward the Ch mass, two scenarios have been proposed. One is the double-degenerate scenario, i.e., the merging of double C+O WDs with a combined mass surpassing the Ch mass limit. However, it has been theoretically suggested that this leads to accretion-induced collapse rather than SNe Ia (Nomoto & Kondo 1991) , and the lifetimes are too short to reproduce the chemical evolution in the solar neighbourhood (Kobayashi et al. 1998 , hereafter K98; Kobayashi & Nomoto 2009, hereafter KN09) . The other is the single-degenerate (SD) scenario, i.e., the WD mass grows by accretion of hydrogen-rich matter via mass transfer from a binary companion. The mass accretion rate is limited to trigger carbon deflagration (Nomoto 1982) , but the allowed parameter space of binary systems can be significantly increased by the WD wind effect if the metallicity is higher than [Fe/H] ∼ −1 (K98). In our models, based on the SD scenario, the lifetime distribution function of SNe Ia is calculated with Eq. [2] in KN09, taking into account the metallicity dependence of the WD winds (K98) and the mass-stripping effect on the binary companion stars (KN09). There are two kinds of progenitor systems. One is the main-sequence+WD system with timescales of ∼ 0.1 − 1 Gyr, which are dominant in star-forming galaxies (the so-called prompt population). The other is the red-giants+WD system with lifetimes of ∼ 1 − 20 Gyr, which are dominant in early-type galaxies. Although the metallicity effect of SNe Ia has not yet been confirmed by supernova surveys, it is required to account for the presence of a young population of SNe Ia, which in turn are required by chemical evolution of the Milky Way Galaxy (KN09). Note that the observed elemental abundance pattern (e.g., the low [Mn/Fe] ratios) in dwarf spheroidal galaxies are more consistent with the enrichment from low-mass SNe II than that from the SN Ia enrichment (K06).
For SNe Ia we take the nucleosynthesis yields from 
Nomoto et al. (1997).
The metallicity dependence of the progenitors is not included but is not expected to be very large (H. Umeda, K. Nomoto, et al., private communication) . Note that Ni is overproduced at [Fe/H] > ∼ − 1 compared to the observations in the solar neighbourhood, but this can be solved by tuning the propagation speed of the burning front and the central density of the white dwarf ).
Yields
Figures 1-5 and Figures 6-10 show the yields and the isotope ratios as a function of the mass and metallicity, normalized to the solar abundance (Anders & Grevesse 1989, hereafter AG89) . The yields are also normalized to the mass of the ejecta Mejecta, which are much smaller for AGB stars than for supernovae. However, the AGB yields of C, N, and F are comparable to those of supernovae.
CNO cycling at T > ∼ 2 × 10 7 K results in the pro- to a slower 19 F(α, p) 22 Ne reaction rate. The production of F and the neutron-rich Mg isotopes in AGB stars are highly mass dependent. F production peaks at ∼ 3M⊙ at solar metallicity (Lugaro et al. 2004) ; in higher mass models F is destroyed by α-captures by the higher temperatures reached during He-burning. Likewise, 25 Mg and 26 Mg are only produced by He-burning when the temperature exceeds about ≈ 300 × 10 6 K and these conditions are only reached by intermediate-mass AGB stars .
17 O is produced by the entire AGB mass range, with relatively more from low-mass AGB stars. The yields of 15 N, 16 O, and 18 O are negative in most cases indicating that these isotopes are destroyed by AGB nucleosynthesis with the largest destruction taking place by HBB in intermediate-mass AGB stars.
Core-collapse supernovae are the main producers of the major isotopes with more minor isotopes produced at higher metallicity. This is because minor isotopes are synthesized as secondary elements from the seed of the major isotopes. As a result, the ratios between the major and minor isotopes are larger for supernovae than for AGB stars, except for 12 C/ 13 C at 1 − 4M⊙ (and 14 N/ 15 N). The ratios are, in general, larger for low-metallicity supernovae, and approach the solar ratios ([ 1 X/ 2 X]=0) with an increase in the metallicity.
Initial Mass Function
We adopt the recent observational estimate of the initial mass function (IMF) from Kroupa (2008) , which is a powerlaw mass spectrum φ(m) ∝ m −x with three slopes at different mass ranges: x = 1.3 for 0.5M⊙ m 50M⊙, x = 0.3 for 0.08M⊙ m 0.05M⊙, and x = −0.7 for 0.01M⊙ m 0.08M⊙. At the high-mass end, the slope of the Kroupa IMF is almost the same as the Salpeter (1955) m < 0.5M⊙, and a steeper slope at the high-mass end than the Kroupa and Salpeter IMFs. Although the Chabrier IMF is adopted for many cosmological simulations, the metal production that results is too large to meet the observational constraints of the solar neighbourhood. In particular the present SN Ia rate (Mannucci et al. 2005 ) is too high and the [α/Fe] is too high as shown in Figure 11 (long-dashed lines). These issues cannot be solved by changing SN Ia parameters. 
Star Formation Histories
We use similar models as K06 for the star formation histories of the solar neighbourhood, bulge, halo, and thick disk, but with the Kroupa IMF. The galactic chemical evolution is calculated with the basic equations described in K00 and K06. In one-zone chemical evolution models, the gas fraction and the metallicity of the system evolve as a function of time by star formation, as well as infall and outflow of matter. The star formation rate (SFR) is assumed to be proportional to the gas fraction ( 1 τs fg). The infall of primordial gas from the outside of the component is given by the rate ∝ t exp[−
for the solar neighbourhood, and
) for the other components. For the halo, outflow is included such that the rate is proportional to the star formation rate ( 1 τo fg). For the bulge and thick disk, star formation is assumed to be truncated by galactic winds at a given epoch (t = tw).
The MDF is one of the most stringent constraints on the star formation history. The parameters that determine the SFRs are chosen to meet the observed MDF of each component as summarized in Table 1 . The MDFs, the resultant SFR histories, and the age-metallicity relations are shown in Figure 12 . The uncertainties of the observations were discussed in K06 and will not be repeated in this paper. The observed MDF in the Galactic bulge was updated by Zoccali et al. (2008) , where the peak metallicity is significantly higher than the previous MDF by Zoccali et al. (2003) . Except for the bulge model, compared with the K06 results, the small differences originate from the choice of the IMF and not from the updated yields presented in this paper.
In the solar neighbourhood model (solid lines), star formation takes place over 13 Gyr. The MDF shows a narrow distribution peaked around [Fe/H] ∼ −0.2, which is consistent with the observations. Note that introducing infall significantly reduces the number of metal-poor G-dwarf stars (Tinsley 1980) , and thus there is no G-dwarf problem in the predicted MDF according to our models.
For the bulge (long-dashed lines), we use the infall+wind model (model B in K06) with a short starformation timescale. The infall is required to explain the lack of metal-poor stars and the wind is adopted to reproduce the sharp-cut of the observed MDF at the metal-rich end. It is possible that star formation continues at present time, forming super metal-rich stars in the Galactic bulge. In this case the SFR should be low to meet the MDF. In our bulge model the duration of star formation is set to be 3 Gyr, which results in a peak metallicity of [Fe/H] ∼ +0.3. A much higher efficiency of chemical enrichment, e.g., a flatter IMF is not required, unless the duration is much shorter than 3 Gyr. Note that the 3 Gyr duration is consistent with chemody-namical simulations of Milky Way-type galaxies from CDM initial conditions (KN11).
For the thick disk (dot-dashed lines), we use the infall+wind model (model C in K06), which also gives a good agreement with the observed age-metallicity relation (Bensby et al. 2004 ). In the thick disk model, the formation timescale is as short as ∼ 3 Gyr, and the star formation efficiency is larger than that for the solar neighbourhood but smaller than for the bulge. The assumption that the timescale of star formation is shorter in the bulge and thick disk was suggested by Matteucci & Brocato (1990) , but by itself does not completely explain the observed abundance patterns. A more intense star formation is also required as well as a shorter star formation timescale.
For the halo (short-dashed lines), we use an outflow model without infall, which results in a low mean metallicity of [Fe/H] ∼ −1.6 (e.g., Chiba & Yoshii 1998) . In the halo model, the star formation efficiency is much lower than for the other components, and the outflow causes an effective metal loss.
The metallicity dependent main-sequence lifetimes are taken from Kodama & Arimoto (1997) for 0.6 − 80M⊙, which are calculated with the stellar evolution code described in Iwamoto & Saio (1999) . These are in excellent agreement with the lifetimes in Karakas (2010) for low-and intermediate-mass stars. Figure 13 shows the evolution of element abundance ratios [X/Fe] against [Fe/H] for the solar neighbourhood, using the models with SNe II, HNe, and SNe Ia only (dashed lines), with AGB stars (solid lines), and with rotating massive stars at Z = 0 (dotted lines). The difference among models is seen only for C, N, and F. For the elements heavier than Na, the small difference among the models with and without rotating massive stars is caused by the difference in the IMF (Mu,2 = 120M⊙ is adopted in the case with rotating massive stars instead of Mu,2 = 50M⊙). Observational data are taken from several sources, which were selected to minimize systematic errors as discussed in KN11. In that paper, we also discussed the different results for the lines used in the observational data analysis, which will not be repeated in this paper. For C and N, only data from unevolved stars are plotted. Both in the models and the observational data, the solar abundances from AG89 are adopted. The results are summarized as follows.
RESULTS
• α elements -In the early stages of galaxy formation • Odd-Z elements -Na, Al, and Cu show a decreasing trend toward lower metallicity, which is well reproduced by the strong dependence of these elements on the metallicity of the progenitor stars (see Fig.5 in K06) . In contrast, Na and Al show a decreasing trend toward higher metallicity owing to the contribution from SNe Ia, which is shallower than the trend for the α elements. Such a decrease is not seen for Cu since Cu is also produced by SNe Ia. With the updated AGB yields ( §2.2), [Na/Fe] is consistent with the observations, and the Na overproduction problem by AGB stars is not seen. Note that AGB stars may produce some Cu but no yields are available for a large range of masses and metallicities. K, Sc, and V are underabundant overall, a problem which has not been discussed in detail in previous studies. The ν-process can increase the production of these elements (Izutani, Umeda, & Yoshida 2010, private communication) , although the yields are not yet available. [(P, Cl)/Fe] are also negative overall in our predictions. There is a metallicity dependence of P, Cl, K, and Sc yields at Z > 0.001 for SNe II/HNe, which causes a weak decrease from [Fe/H] ∼ −1 to ∼ −3. The V yields do not depend very much on metallicity.
• Iron-peak elements -[(Cr, Mn, Co, Ni, Zn)/Fe] are consistent with the observed mean values at −2.5 < ∼ [Fe/H] < ∼ − 1. Note that Cr II observations are plotted, because this line is not strongly affected by NLTE effect. For Mn, the NLTE effect should not be so large as indicated by Mn II observations (Johnson 2002; Mashonkina et al. 2010) , although a strong NLTE effect is reported by Bergemann & Gehren (2008) . At [Fe/H] < ∼ − 2.5, observational data show an increasing trend of [(Co, Zn)/Fe] toward lower metallicity, which will not discussed here since inhomogeneous chemical enrichment is becoming increasingly important. The [(Co, Zn)/Fe] trend can be explained by HNe under the assumption that the observed stars were enriched by only a single supernova (Tominaga et al. 2007 ).
• Manganese -Mn is a characteristic element of SN Ia enrichment and is produced more by SNe Ia than SNe II/HNe relative to iron. From [Fe/H] ∼ −1, [Mn/Fe] shows an increasing trend toward higher metallicities, which is caused by the delayed enrichment of SNe Ia. Feltzing, Fohlman, & Bensby (2007) showed a steep slope at [Fe/H] > 0, which could be generated by the metallicity dependence of SN Ia yields. Cescutti et al. (2008) demonstrated this by applying an artificial metallicity dependence to the theoretical calculations. In principle, Mn is an odd-Z element and the Mn yields depend on the metallicity both of SNe II and SNe Ia. The metallicity dependence for SNe II are included in our yields. For SNe Ia, a strong metallicity dependence is not expected (H. Umeda, K. Nomoto, et al., private communication) .
• Zinc -Zn is one of the most important elements for supernova physics. • Carbon -Although the ejected mass of C is similar for low-mass AGB (1 − 4M⊙) and massive (> 10M⊙) stars, the [C/Fe] ratio is enhanced efficiently by low-mass stars because these stars produce no Fe (Figs. 1-5 0.32 dex larger than the case without AGB yields (dashed lines). This is roughly consistent with previous models such as Prantzos, Vangioni-Flam, & Chauveau (1994) (Suda et al. 2004; Lugaro et al. 2008; Izzard et al. 2009 ). Such local peculiar effects are not included in our models. We should also note that AGB stars can contribute at metallicities below [Fe/H] < ∼ − 1.5 when an inhomogeneous chemical enrichment is taken into account (KN11).
• Nitrogen -Different from C, N is produced mainly by intermediate-mass AGB stars (4 − 7M⊙, independent of the Chiappini et al. (2006) showed that the contribution from rotating massive stars is required to solve the primary N problem. As noted above, however, AGB stars can also contribute to N production even at [Fe/H] < ∼ − 2.5 when taking inhomogeneous chemical enrichment into account (KN11). From the difference between C and N, it is possible to distinguish the contribution from low-and intermediate-mass AGB stars as the enrichment source of the observed metal-poor stars. Pols et al. (2009) showed that the IMF with the Gaussian distribution peaked at ∼ 10M⊙ (Komiya et al. 2007 ) is rejected when trying to match the fraction between C-rich and N-rich stars, based on binary population synthesis models (see also Izzard et al. 2009 ).
• Fluorine -F is one of the most interesting elements, although F abundances are estimated from only one infrared line from stellar spectra. AGB stars and massive stars have both been suggested to produce F but production has only been confirmed for AGB stars (Jorissen, Smith, & Lambert 1992; Abia et al. 2010) . The AGB mass range that produces F is similar for C and is 2 − 4M⊙. Thus the difference is seen only at [Fe/H] > ∼ − 1.5. At [Fe/H] ∼ −1, [F/Fe] reaches 0.22 in the model with the AGB yields (solid lines). This is 0.56 dex larger than the case without the AGB yields (dashed lines) and much closer to the observational data (Cunha et al. 2003) . Note that the F yields from AGB stars were increased with the new reaction rates ( §2). Different from C, F is not significantly produced by SNe II/HNe according to our yields, and thus [F/Fe] rapidly decreases from [Fe/H] ∼ −1 to ∼ −3. Therefore, the F abundance is a good clock to distinguish the contribution from low-mass AGB stars and supernovae. We should note, however, that the F yields from supernovae may be increased by a factor of ∼ 1000 by the ν-process (Izutani, Umeda, & Yoshida 2010, private communication; see also . The effect of rotating massive stars is uncertain since F yields are not available in the literature.
These results are consistent with the models that adopt the same supernova and AGB yields in Romano et al. (2010, hereafter R10) . There are some differences, for example, for elements heavier than N, our results fall between Models 4 and 5 in R10 because we adopt an hypernova efficient of ǫHN = 0.5. The C and N abundances are predicted to be higher in Models 4 and 5 than our results because the low and intermediate-mass star yields of van den Hoek & Groenewegen (1997) were used. In Model 15 of R10, the same AGB yields are adopted as in our models, but the C and N abundances are still higher. This may be due to the addition of the Geneva pre-supernova yields along with the supernova yields from K06. We note that rotation changes the pre-supernova structure and thus should also change the nucleosynthesis during the explosion. Hence to be fully self consistent, supernovae yields computed from a rotating pre-supernova structure should be included but Bulge and thick-disk -If the star formation timescale is shorter than in the solar neighbourhood (solid lines) as in our bulge (long-dashed lines) and thick-disk (dot-dashed lines) models, the contribution from stars of a given lifetime appear at a higher metallicity than in the solar neighbourhood. Intermediate-mass AGB stars, lowmass AGB stars, and SNe Ia start to contribute at [Fe/H] ∼ −2.5, −1.5, and −1, respectively in the solar neighbourhood, but at a higher [Fe/H] The high [α/Fe] in the bulge and thick disk can also be reproduced by changing the IMF, namely, adopting a flatter IMF (see Fig. 32 of K06) . In this paper we do not need to change the IMF between the solar neighbourhood and the bulge ( §2.4). This is because the observational constraints of the MDF was updated by Zoccali et al. (2008) and the bulge stars are more metal-rich than in the solar neighbourhood (Fig.12) . With a flatter IMF, the predicted [(Zn,Co)/Fe] ratios becomes much larger, a result that can be tested with future observations. Figure 17 shows the evolution of the isotope ratios against [Fe/H] for the solar neighbourhood (solid lines). In general, core-collapse supernovae are the main producers of the major isotopes with more minor isotopes synthesized at higher metallicity (see Table 3 , we show the mass fractions of isotopes at [Fe/H] = −2.6, −1.1, and 0.0, corresponding to the average of metal-poor SNe II, SNe II+AGB, and SNe II+AGB+SNe Ia, respectively, which can be compared with meteoric data in a future study. The results are summarized as follows. • Carbon -The 12 C/ 13 C ratio is ∼ 4200 at [Fe/H] = −2.6, and decreases to 109 at [Fe/H] = −1.1 because of the production of 13 C from 4 − 7M⊙ AGB stars. Then, because of the production of 12 C from 1 − 4M⊙ AGB stars, the ratio increases until [Fe/H] ∼ −0.5, and then decreases to be 88.6 at [Fe/H] = 0, which is consistent with the solar ratio of 89.9 (solar symbol, AG89) and 89.4 (Asplund et al. 2009, hereafter AGSS09) . The isotopic fraction of 13 C is 0.02%, 0.84%, 0.75%, and 1.03% at [Fe/H] = −2.6, −1.1, −0.5 and 0, respectively. The other dots (crosses and diamonds) show the observational data of metal-poor unevolved stars (Carretta et al. 2000; Spite et al. 2006) . The low carbon isotopic values of these stars suggests that intermediate-mass AGB stars and/or rotating massive stars have contributed to galactic chemical evolution at a very low metallicity. Note that in the low-mass stellar models, non-standard extra mixing processes are not included (e.g. Nollett, Busso, & Wasserburg 2003) . These processes may occur during the first and asymptotic giant branches and result in an increase the yields of 13 C (and 14 N). While the effect of such processes may be minimal on the yields at solar metallicity, they may be substantial for Z < ∼ 0.0001, resulting in much smaller predicted 12 C/ 13 C ratios from the AGB models than given by the yields of Karakas (2010) .
• Nitrogen -Although 15 N destruction by AGB stars is neglected in our models, the 14 N/ 15 N ratio at [Fe/H] = 0 is still predicted to be larger than the ratio provided by AG89 (272). At [Fe/H] = 0, the isotopic fraction of 15 N is 0.04%, which is 6 − 10 times smaller than the solar ratio: 0.37% in AG89 and 0.23% in AGSS09. Note that the proto-solar nebula value for the 14 N/ 15 N ratio in AGSS09 is 447, a factor of 1.6 higher than the AG89 value. This is because AGSS09 adopt the Jupiter nitrogen isotope value as the proto-solar value, noting that the AG89 ratio is the terrestrial value derived from air and has likely experienced isotopic fractionation and an increase in the abundance of 15 N (see Meibom et al. 2007 , for more details). That our predicted nitrogen isotope value is too high is probably because the effect of novae, which likely produced a substantial fraction of the 15 N in the Galaxy (Romano & Matteucci 2003) , are not included in our models. In novae, the accreted hydrogen is heated up to ∼ 2 − 3 × 10 8 K, where the CNO cycle is limited by β-decays rather than the proton capture rate of 14 N (the hot CNO burning, Wallace & Woosley 1981 ). Therefore, 13 C, 15 N, and 17 O are over-produced with respect to the solar abundances. The nucleosynthesis yields depend on the mass of the CO and ONe white dwarfs, and the mixing levels between the accreted envelope and the white dwarfs (José & Hernanz 1998) . The rate of novae in the Galaxy is estimated to be about 30 per year (José & Hernanz 1998) , but the time evolution of the rate is uncertain.
• 18 O in the He-burning layer, respectively, and thus their abundances depend on the amount of the seed element.
18 O is mainly produced by He-burning in massive stars and is slightly destroyed in AGB stars.
17 O is over produced by AGB stars. The model that adopts only supernova yields (dashed line in Fig. 18) 96.16, 0.23, 3.61) in the model, (92.99, 0.23, 6.78) in AG89, and (92.94, 0.22, 6.83) in AGSS09. The only data for comparison is meteoritic.
• 0, respectively. The isotopic fractions of solar ratios are (79.03, 9.97, 10.99) in AG89 and (78.99, 10.00, 11.01) • Si, S, Ca, Ti, and Zn -For heavier elements most of the ratios at [Fe/H] = 0 are roughly consistent with the solar ratios, but the predictions for 29 Si, 48 Ca, 47 Ti are smaller than the solar ratios. These may require the update of the mixing treatment and reaction rates in the supernovae calculations.
For Zn, the offsets from the solar ratios are possibly caused by the under-production of 64 Zn. Although neutron-rich isotopes of Zn could be produced by neutron-capture processes, 64 Zn is mostly produced by the higher energy and entropy experienced during supernova explosions. In fact, if we were to set a higher fraction of hypernovae, the isotopic ratios become closer to the solar ratios.
The model dependence on the evolution of the isotope ratios is shown in Figure 18 . Fenner et al. (2003) than in our models, which may be due to differences in the adopted IMF ( §2.3).
If we include rotating massive stars (dotted lines), the 12 C/ 13 C ratio becomes much closer to the observations of metal-poor stars as shown by Chiappini et al. (2008) , but 16 O/ 17 O cannot be improved when comparing with the solar ratio. Note that the N and Mg yields of rotating massive stars are not included. The small difference among the models with and without rotating massive stars is caused by the difference in the IMF (Mu,2 = 120M⊙ is adopted in the case with rotating massive stars instead of Mu,2 = 50M⊙).
The dependence on the star formation history is shown in Figure 19 . For 12 C/ 13 C, the first decrease is due to 13 C production from intermediate-mass AGB stars, the next increase is due to the 12 C production from low-mass AGB stars, and the following second decrease is due to SNe Ia. These modulations appear at a higher metallicity in the bulge (long-dashed lines) and thick disk (dot-dashed lines) than in the solar neighbourhood (solid lines). On the other hand, these evolutionary changes appear at lower metallicity in the halo (short-dashed lines). In general, the ratios between the major and minor isotopes such as 24 Mg/ 25,26 Mg are smaller in the bulge and thick disk, and are larger in the halo because of the metallicity effect of supernovae. However, the 16 O/ 17 O ratio in the halo is low due to the production of 17 O from low-mass AGB stars, as also seen in the high [(C, F)/Fe] abundances. Therefore, the isotopic ratios can be used as a tool to pick out the stars that form in a system with a low chemical enrichment efficiency. This may be possible in our halo, but more likely in small satellite galaxies that were accreted onto our Milky Way Galaxy. In Table 3 , the mass fractions of isotopes at [Fe/H] = −0.5 are provided for the solar neighbourhood, halo, bulge, and thick disk models.
CONCLUSIONS
We have presented evolution of isotope ratios of elemental abundances (from C to Zn) in the solar neighbourhood, bulge, halo, and thick disk, using chemical evolution models with the updated yields of AGB stars and core-collapse supernovae. Although the ejected mass of heavy elements is much smaller for AGB stars than for supernovae, the AGB yields of C, N, and F are comparable to those of supernovae. When examining the AGB yields, the isotopes of 12 C and 19 F are mainly produced in low-mass stars (1 − 4M⊙), whereas 13 C, Because of the effect of the progenitor mass and metallicity, the evolutionary history of elements varies for environments with different star formation histories. In the bulge and thick disk, the star formation timescale is shorter than in the solar neighbourhood, and [α/Fe] is higher and [Mn/Fe] is lower because of a lower contribution from SNe Ia. In contrast, the [(Na, Al, P, Cl, K, Sc, Cu, Zn)/Fe] ratios are higher because of the effect of metallicity. In other words, from these elemental abundance ratios, it is possible to se- 25, 26 Mg are larger because of the low metallicity. Not only from elemental abundance ratios, but also from isotopic ratios, it is possible to select the stars that formed in a system with a low chemical enrichment efficiency.
Isotopic ratios provide useful information to improve theoretical predictions in terms of reaction rates, nucleosynthesis, and the modelling of convective mixing. The underproduction of 15 N suggests the contribution from novae, the over-production of 17 O requires the updating of reaction rates that feed into AGB yields, and the under-production of 29 Si, 48 Ca, 47 Ti and possibly 64 Zn may require the updating of supernova models. The observational constraints at low-metallicity are particularly important. However, it is not easy to estimate isotopic ratios from observations of stellar spectra. To detect the small line shifts between isotopes, very high quality data is required. The next generation of large telescopes (e.g., the Giant Magellan Telescope and the European Extremely Large Telescope) will be constrained by the same problems but will be able to measure isotopic ratios out to larger distances. It will then be possible to study the evolution of isotopic ratios in the local neighbourhood of our Milky Way Galaxy including in dwarf spheroidal galaxies. These data will help to put important constraints on the star formation and chemical enrichment histories of such systems, and which may lead to the verification of the hierarchical clustering in CDM cosmology using chemodynamical simulations. 
